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摘 要 
直流微电机以体积小、重量轻、便于控制等优点被广泛应用于生产消费领域，
在微型精密仪器中尤为重要。为了保证产品出厂品质，生产过程必须对直流微电
机进行 100%检测。目前检测主要依靠人工的经验来判断电机的好坏，其工作量
大，生产效率低，漏检现象严重，导致电机出厂质量不稳定。因此有必要寻找一
种简便和可靠的直流微电机在生产线上的故障检测技术。该技术即可以对出厂前
的直流微电机进行自动在线检测，以保证直流微电机的出厂合格率；又可以推广
应用于其他永磁直流电机的故障检测与诊断。 
通过分析空载下直流电机的动态数学模型，假设稳态下𝑑𝜔 𝑑𝑡⁄ = 0，推导出
永磁直流电机稳态电枢电流的解析式，其揭示了电枢电流与电机内部的机电参数
之间的规律。在分析有刷直流微电机的数学模型和运行机理上，结合
Matlab/Simulink 的功能模块和 S 函数，构建了有刷直流微电机系统仿真模型。探
讨了直流微电机匝间短路、极间阻抗差异、线圈绕组开路、线圈绕组脱焊及磁铁
回路异常的故障机理，建立了基于 Matlab/Simulink 的直流微电机匝间短路、极
间阻抗差异、线圈绕组开路及线圈绕组脱焊的故障仿真模型，仿真结果与实验结
果的一致，验证了该仿真模型的合理性和有效性，此仿真方法也适用于其他有刷
永磁直流电机。 
通过对直流微电机电枢电流的频谱数据统计分析，将直流分量  𝐷𝐶、主频点
𝑓 、主频点处的幅值    、带外频谱面积 和归一化因子 定义为故障多特征量，
利用提取的故障多特征量分析了六种生产中常见的直流微电机故障。对良品和典
型故障电机的故障多特征量的分布规律进行了假设，采用𝜒2检验和 K-S 检验方法
进行假设检验；对于服从多种假设分布的故障多特征量采用基于最大总体平均隶
属优势准则进行模糊识别，从而确定故障多特征量的统计分布规律和阈值。将待
测电机的故障多特征量值分别与已知故障多特征量的阈值比较，就可诊断待测电
机的故障类型。该方法解决了直流微电机磁电参数离散性较大的问题。 
为了验证直流微电机故障诊断方法的有效性，设计了基于稳态电流频谱分析
的直流微电机故障诊断系统，搭建了基于 STM32F107VC 芯片的直流微电机诊断
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装置。为拓展直流微电机故障诊断系统的应用范围，设计了自学习模块，即当被
测电机的类型改变时，通过收集样本电机的故障多特征量值来估计分布参数值，
重新确定和更新故障多特征量的阈值。以多台直流微电机为实验对象，进行故障
诊断及分析，实验结果表明该方法可以有效的诊断直流微电机。 
本方法只需要监测直流电机的电枢电流，不需要采集转速等其他更多的信号，
对传感器等硬件要求小；采用基于统计模式识别的故障诊断方法，对硬件系统要
求低，软硬件实现简单，成本低，但电机样本要求大。其在直流电机生产线的质
量控制和直流电机的在线状态监测具有实用性。本文虽以直流微电机为研究对象，
但其方法和理论可以应用于所有电枢电流具有正弦波形的直流电机。 
 
关键词：直流微电机；故障诊断；建模仿真；频谱分析；故障多特征量 
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Abstract 
Micro direct-current motors (MDCMs) are increasingly used in industry fields 
and consumption fields, especially in micro precision instruments. Compared to other 
motors, smaller size and simpler control scheme are achieved. MDCMs must be 
screened at 100% detection efficiency on the production line to ensure the quality of 
outgoing products. Currently, fault detection of motor is mainly based on the 
experiences of the individual. This method is heavy workload and low production 
efficiency. The leak phenomenon is serious. It leads to motor's quality is not stable. So 
it is necessary to find a simple and reliable fault detection technology of MDCMs on 
the production line. To ensure the ex factory product pass rate of MDCMs, the method 
which can be applied to fault diagnosis of other permanent magnet DC motor is used 
for fault detection of motor on-line before delivery  
Assuming that 𝑑𝜔 𝑑𝑡⁄ = 0  under steady state operation conditions, The 
analytical expression of armature current is obtained from the dynamic model of DC 
motor under no-load operation conditions. It reveals the rule between armature current 
and electromechanical parameters. According to the mathematical model and running 
mechanism of MDCM, A simulation model of MDCM based on SIMULINK and S 
function of MATLAB is established. The fault mechanisms of turn-to-turn short circuit, 
different coil resistance and inductance, opening of coil and sealing-off of coil are 
studed, and their faulty simulation models based on MATLAB/SIMULINK are 
established. The reasonability and validity of the method was testified by the 
coincidence of simulation and experimental results. The simulation methodology is 
also applicable to other permanent magnet brush DC motor. 
Based on the statistical analysis of the spectral data for MDCMs, the DC 
component  𝐷𝐶, the main frequency point 𝑓 , the amplitude of the main frequency 
point   𝑓, the spectrum area outside band   and the normalized distortion factor   
are determined as multiple features of fault diagnosis for MDCM. The five multiple 
features extracted from the armature current of MDCM are utilized to analyze the six 
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kinds of faults for MDCMs in production. The distribution rules of multiple features 
for the healthy and typical faulty MDCMs are made assumptions. Their hypothesis 
distribution tests are performed using the 𝜒2test and the K-S test. Fuzzy pattern 
recognition based on the maximum overall average membership advantages criteria is 
adopted to confirm the distribution rules of multiple features which obey varieties of 
possible hypothesis distribution. Then, the distribution rules and threshold values of  
multiple features are obtained. The tested motors can be diagnosed by comparing the 
multiple features of the tested motors with the threshold values. The problem which 
the magnetoelectric parameters of MDCMs are discrete is solved by using this 
proposed method. 
To demonstrate the feasibility of the proposed fault diagnosis method, fault 
diagnosis system of MDCM based on spectrum analysis of the steady-state current is 
designed. The diagnostic device of MDCMs based on STM32F107VC chip is set. In 
order to extend the application range of MDCM diagnosis system, the self learning 
module is designed. When the type of tested motor is changed, the self learning 
modules can estimate distribution parameters value by collecting the multiple features 
of tested motor and update the threshold of multiple features. The experiments of fault 
diagnosis on several MDCMs was studied and analyzed. The experimental results 
showed that this method can effectively diagnosis the MDCM. 
This method only needs to monitor armature current of MDCM, doesn't need to 
collect speed and other signal and not high demand for sensors. The fault diagnosis 
method based on statistical pattern recognition has low requirement to the hardware, 
simple software and hardware and low cost, but it requires large motor data. This 
method has practicability in the quality control of DC motor on the production line 
and on-line condition monitoring. Although the MDCMs are studied, the proposed 
method can be applied to any of DC motors which have sinusoidal waveform. 
 
Key Words：Micro Direct-Current Motor; Fault Detection; Modeling and Simulation; 
Spectrum Analysis; Faulty Multiple Features 
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1 
第一章 绪论 
1.1课题研究的目的和意义 
随着现代科技的飞速发展和工业自动化程度的提高，电机已广泛应用于国民
经济各个领域，电机根据电磁感应定律将电能转换成机械能，使生产机械完成人
们期望的各种运动。电机是系统设备主要的动力传动部件和执行部件，通常是系
统设备的核心组成部分之一。其安全运行直接决定了生产过程的效益，生产线的
安全以及产品的质量。在某些特殊的场合，电机的安全运行直接影响着生产人员
的生命安全。因此，电机故障检测与诊断一直是众多学者、工程技术人员、电机
制造厂商和普通用户所关注的热点问题。国内外学者对电机故障在线检测与诊断
研究较多，其研究重点放在大功率电机及交流感应电机上[1-4]，已取得了一系列
的研究成果。相对于大功率电机，小功率直流电机的检测技术研究相对较少[5]。
较少有文献涉及直流微电机的故障检测，尤其在产品生产线上电机故障检测。 
直流微电机是由永磁体建立磁场的直流电机。它除了具有一般电磁式直流电
机所具备的良好的机械特性和调节特性，可以用于要求起动转矩高和转速变化范
围较大的场合外，还具有体积小、效率高（无激磁损耗）、控制方便和制造成本
低廉等优点。因此，直流微电机被广泛应用于消费领域、工业领域和军事领域，
从家用电器（如电动自行车、剃须刀、除尘器、汽车等）到一些要求良好动态性
能的精密速度和位置驱动系统即增量运动系统（如计算机外部设备、精密机床及
宇航等领域）都大量使用直流微电机。 
我国的直流微电机制造企业通过自主研发、引进先进技术、合作生产、购买
设备和培训工程技术人员等方法，已经逐步掌握电机的先进制造技术。为了保证
这些产品的出厂合格率，出厂前必须对电机进行严格的质量检验。而现在没有高
效的自动化检测设备，电机出厂质量检测全部依靠人工检测。常见的方法是通过
观察电机运行时其端电压的波形以及听取运行声音，依据积累的经验来判断电机
的好坏。这种检测方法完全依赖于操作者的知识经验，检测结果分散，检测标准
不统一，检测结果受操作者的情绪影响严重，而且效率低，无法满足现代直流微
电机厂商大批量生产、高合格率出厂的要求。因此有必要寻找一种可靠的直流微
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